. KOOLHAAS. The corticomedial amygdala and learning in an agonistic situation in the rat. PHYSIOL BEHAV 32(4) [575][576][577][578][579] 1984.--Social agonistic behaviour of intact male rats is strongly reduced by the experience of defeat by a dominant male conspecific. Small electrolytic lesions in the corticomedial amygdala strongly affected this behavioural change due to defeat. No effects of the lesions were observed before and during the defeat. Some learning is still possible in corticomedial amygdala lesioned animals. A comparison of the effects of lesions made before the defeat with lesions made after the defeat revealed that the lesions primarily produce a retention deficit in social learning.
Corticomedial amygdala
Agonistic behaviour Learning EVIDENCE on the involvement of amygdaloid structures in intraspecific agonistic behaviour in the rat is scarce and often conflicting. Bunnel [3] reported that lesions in the basolateral amygdala of male rats caused a significant decrease in the number of intermale interactions. Using large basolateral amygdala lesions, Busch and Barfield [4] were unable to demonstrate a change in territorial agonistic behaviour. Miczek et al. [17] showed that small lesions in the periamygdaloid cortex, the cortical amygdaloid nucleus or the bed nucleus of the stria terminalis strongly reduced agonistic behaviour. Small lesions in the lateral or central nuclei had no effect on this behaviour. Large basolateral amygdala lesions were reported to reduce shock induced fighting [6] . Three major factors may contribute to this confusing picture. First, the locations and the size of the lesions within the amygdaloid complex were different in each of these studies. Second, different test procedures were used to study the effect on agonistic behaviour, for example territorial fighting [4] , food competition [17] , and shock induced fighting [6] . Finally, Koolhaas et al. [15] suggest that the most strong effects of amygdala lesions are obtained in those situations in which learning processes are involved. This idea might explain the positive results by Miczek et al. [17] because they used an extensive training procedure to obtain reliable competitive fighting in their test situation.
The hypothesis that the amygdala is mainly involved in learning processes agrees with literature on the role of the amygdala in other types of behaviour [9, 12, 23] . In order to test this hypothesis for agonistic behaviour, we selected a test in which the behaviour was recorded both before, during and after an agonistic experience, i.e., defeat by a dominant opponent. Such a defeat results in a clear change of the behaviour relative to that before the defeat [21] . Since both ~Supported by a U.K. SRC/NATO Postdoctoral Fellowship. 2Requests for reprints should be addressed to J. M. Koolhaas.
Miczek et al. [17] and Koolhaas et al. [15] found that large lesions in the corticomedial area of the amygdala affected agonistic behaviour, we aimed for this area, but made much smaller lesions restricted to the corticomedial amygdaloid nucleus. Two experiments will be reported in which the lesions were made either before or after the defeat.
EXPERIMENT 1

METHOD
Subjects
Twelve male rats of the WEzob strain (TNO breeding colony) were used as experimental animals (weight 365__-8 g). Ten male rats of the same strain (weight 364___7 g) were used as sham operated controls. Two male Tyron maze dull $3 rats of 6 months of age were used as dominant opponents. All experimental and control animals were housed separately in perspex cages (35×30× 15 cm) with ad lib food and water available. The dominant $3 animals were permanently housed in wooden cages of 80x55×50 cm together with a ligated female. All experiments were performed in a temperature controlled room (21.5°C) and during the first half of the dark period of the reversed light-dark cycle (12L/12D).
Surgery
At the time of surgery, the animals were anesthetized with ether. Bilateral lesions were made with monopolar stainless steel electrodes with a diameter of 0.2 mm and a sharpened bare cone of 0.1 mm diameter. The lesions were made with an anodal current of 1.5 mA during 5 seconds. The electrodes were aimed at the corticomedial amygdala (coordinates: Anterior 5.0; Lateral 3.5 and Ventral 8.7 mm BOLHUIS El' AI . below dura) [16] . In the control animals, the electrode was lowered to 1 mm above the lesion site and no lesion was made.
Experimental Procedure
Eight days after surgery testing was started. The behaviour of the experimental animal towards the dominant opponent which was enclosed in a small wire mesh cage was measured before and after defeat (day -1 and + I) in a large "neutral" test enclosure. This wire-mesh cage prevented direct physical interaction between the dominant and the experimental animal. The experimental animal was placed in the test enclosure ten minutes before the introduction of the wire mesh-cage.
The defeat was in the home cage of the dominant animal (day 0). On this day the experimental animal was placed in the empty home cage of the dominant animal. Ten minutes later the dominant was replaced and the two animals were allowed to interact for ten minutes. The experimental animal was invariably attacked and displayed high levels of submissive postures and flight. The two dominant opponents used were balanced across sham-and lesioned-groups. During the three day test period the experimental animals were housed individually in cages of 30x30× 15 cm. The "neutral" test enlcosure had a size of 80x55x50 cm and during each test, the floor was covered with fresh filter paper.
Behavioural Observations
On each day, the behaviour of the experimental animal was recorded according to a set of behaviour elements after Grant and Mackintosh [10] and Koolhaas et al. [15] . On days -1 and + 1, with the dominant enclosed in a wire mesh cage, the following elements were distinguished: explore--exploring any part of the test cage, except the wire mesh cage, explore cage--exploring the wire mesh cage with the dominant in it, groom--any grooming or scratching of the animal, freeze--the animal is completely motionless, no sniffing, occasionally the head moves slightly in a horizontal plane.
During the direct confrontation with the dominant on day 0, the following elements were distinguished (see Koolhaas et al. [15] for definitions): upright, attack, investigate, flee, submission, freeze.
Histology
After the experiments, the animals were deeply anesthetized with barbiturates and perfused with saline followed by a 4% formaldehyde solution. Frozen sections of 40 /zm were cut and stained with cresyl violet.
Statistics
For between group comparisons, the Kruskal-Wallis one-way analysis of variance, and the Mann-Whitney U test were used. For within subject comparisons, the Wilcoxon Matched-pairs signed rank test was used [25] .
RESULTS
Two experimental animals had a unilateral lesion and were disregarded for further analysis. Figure 1 shows the histology of the remaining 10 lesioned animals. All lesions caused damage to the corticomedial amygdala, whereas damage to other amygdaloid structures was minimal. A be- tween groups comparison revealed that the pre-defeat behaviour of both groups of experimental animals was the same. Also during the defeat (Table 1) , there was no significant difference between the lesioned animals and the shamlesioned controls, although the lesioned animals seem to show somewhat less freezing.
The behavioural change due to this defeat is given in Fig.  2 . Both in the lesioned animals and the sham lesioned controis, there was a significant increase in freezing (p<0.002) and a decrease in sniff cage (.o<0.002) after the defeat. The changes in explore and groom were in the same direction in both groups of animals but reached significance Ip <0.002) in the sham lesioned controls only.
Although the changes in behaviour after the defeat were in the same direction in both groups of animals, there were significant differences between the two groups. The lesioned animals perform significantly less freezing, exploring, and sniff cage than the control animals (Fig. 2) .
A detailed analysis of the post defeat behaviour revealed a positive correlation (rs=0.68,p<0.05 Spearman rank correlation) between freeze on the day after defeat and the amount of time spent fleeing during the defeat in the lesioned animals. In the sham lesioned controls the correlation was 
DISCUSSION
This experiment clearly shows that corticomedial amygdala lesions had no significant effect on behaviour either towards a caged conspecific before defeat or on ongoing behaviour during defeat. However, marked deficits were observed in the behavioural change produced by a severe agonistic experience, in this case defeat by a dominant animal. Corticomedial amygdala lesioned animals do change their behaviour after the defeat but less strongly than the control animals. This observation is consistent with the partial deficits in taste aversion observed after amygdala lesions in other conditioning experiments [1, 8, 18, 19] .
An intriguing result is the correlation between behaviour during and after defeat in the lesioned animals. We have noted a similar relationship between the strength of conditioning and the resulting change in behaviour in taste aversion learning after amygdala lesions [23] or lateral hypothalamic stimulation [7] . Apparently learning is still possible in amygdaloid lesioned animals.
It can be concluded that corticomedial amygdala lesions result in a partial deficit in the behavioural change produced by defeat. Since the lesions did not affect behaviour before and during defeat, this change may be interpreted as a deficit in social learning.
EXPERIMENT 2
In the interpretation of the results of Experiment 1 in terms of a partial learning deficit, the question arises as to whether acquisition or retention processes are affected by the lesions. In order to answer this question, the animals in this experiment were lesioned after the defeat.
METHOD
Subjects
Thirteen naive animals as in Experiment 1 were used as sham operated controls, 8 animals were lesioned in the corticomedial amygdala.
Experimental Procedure
Five days prior to the start of the experiments the animals were housed individually in perspex cages of 35 x 30x 15 cm. All animals were defeated in the home cage of a heavy male $3 rat on day 0. The day before this defeat and on day 1 and 2 after defeat, all animals were tested in the presence of their dominant opponent as in Experiment 1. Surgery was performed three days after defeat. Sham and lesioned groups were balanced for behaviour on day 0 and + 1. On day 7 and 8 post defeat tests were carried out, again in the presence of the dominant opponent enclosed in a small wire-mesh cage. The behavioural analyses are based upon day -1, + 1 and +7.
RESULTS
A reconstruction of the lesions revealed that the corticomedial amygdala lesions were highly similar to those of Experiment 1. The behavioural effects of the lesions is presented in Fig. 3 . Since sham and lesioned groups were balanced, there was no difference between the two groups in pre defeat (day -1) and post defeat (day +1) behaviour. However, after the lesion (day +7) the behaviour of the amygdaloid lesioned animals was significantly different from the post lesion behaviour of the sham group (Fig. 3) . In the sham group there was no difference in behaviour between day + 1 (post defeat) and day +7 (post op) indicating that the defeat results in a behavioural change lasting for at least one week. Lesions in the corticomedial amygdala resulted in a significant decrease in freeze (p<0.02) and an increase in sniff cage (p<0.02) and explore (p<0.05). A comparison of the behaviour after the amygdaloid lesion with that on day -1 (pre defeat) revealed no statistical differences between the two days for any behaviour.
DISCUSSION
This experiment confirms the conclusion of Experiment 1 that the corticomedial amygdala is involved in the behavioural changes normally observed after a defeat. Since the lesions were made after the defeat the deficit observed must be due to an effect on retention of social learning. This deficit is apparently complete, because the amygdaloid lesioned animals behaviour was the same as before defeat. This is in contrast with the results of Experiment 1 in which only a partial deficit was found. This difference between the two experiments may be due to a difference in the acquired defeat, rather than the moment of the lesion. However, the suggestive trend in the post defeat behaviour of the sham operated controls in the two experiments is not significant. Moreover, the relative difference between the shams and the lesioned animals in post defeat freezing behaviour differs strongly between the two experiments (35% in Experiment 1 and 89.5% in Experiment 2). Therefore, the differences between the two experiments in the effects of the lesions seem to be due to the moment of the lesion relative to the acquisition of the defeat. Similar differences in lesion effects were reported by Nachman and Ashe [18] in a conditioned taste aversion experiment whereby lesions before conditioning produced a partial deficit, but lesions after conditioning ~ total deficiT.
It is concluded that corticomedial amygdala lesions produce a complete ross of retention of information necessary for the behavioural adaptation to a changing agonistic situation.
GENERAL DISCUSSION
The present experiments demonstrate that the corticomedial amygdala is involved in the behavioural change produced by a defeat in an agonistic interaction. The results are comparable to the effects of amygdala manipulations in shock avoidance and taste aversion learning situations, because in all these situations deficits in behavioural changes guided by previous experience are observed. The results in these situations have been explained by a wide variety of terms and concepts. For example, the effects of amygdala manipulations in avoidance situations have been interpreted in terms of reduced fear or reduced emotionality [26, 28] . Also the term response suppression or performance deficit is used [5, 19] . Again others [18] explain their results in taste aversion experiments in terms of a reduced capacity of amygdala lesioned animals to identify the significance or meaning of stimuli. Most of these interpretations are not mutually exclusive and often hard to separate experimentally. Because there is a small trend for less freeze in the pre defeat and during defeat behaviour of the lesioned animals, the results might be explained by a -reduced fear" hypothesis. However, this trend is not significant and such a hypothesis does not explain the differences in lesion effect of the two experiments. An interpretation in terms of learning and memory processes seems to explain most of the data. Similar interpretations were used by several other authors [12, 22, 23] . In these terms, the lesion made after the defeat creates a complete retention deficit. We may speculate therefore that the corticomedial amygdala is involved in agonistic behaviour because of its mediation in social learning processes. This is consistent with the more general suggestion found in the literature on rats, cats and monkeys, that the amygdala is involved in the evaluation of the present situation in relation to past experience [9, 13, 27] . Since lesions in the corticomedial amygdala also reduce sexual behaviour in experienced male rats [11], it seems that this structure is important in any kind of social behaviour.
The partial deficit in the lesioned animals in Experiment 1, and the fact that the behaviour of these animals was still related to the behaviour during defeat, shows that some learning is still possible in the lesioned animals. Hence, also other brain structures than the corticomedial amygdala may become involved in this social learning. The identity of these structures, and the question how they are involved in social learning remains a matter of further research.
The corticomedial amygdala may be quite specifically involved in social learning processes. Miczek et al. [17] , using control lesions in other amygdaloid structures observed changes in food competition aggression in the corticomedial amygdala lesioned animals only. Our own studies with small lesions within the corticomedial area indicate that the most effective area is the medial amygdala and the amygdala hippocampal transition zone; lesions in the cortical nucleus are ineffective [ 14] . The suggested specificity is supported by the neuroanatomical connections of this area. The corticomedial amygdala is one of the major areas of the vomeronasal organ [24] . This part of the olfactory system seems to be involved in the perception of species specific odours and may be important for social behaviour. The corticomedial amygdala is also reciprocally connected to the ventral premammillary nucleus and the medial preoptic area [16] which are reported to be important structures in aggressive behaviour [2, 15] . However, the relevance of these connections for the functioning of the amygdala remains unknown.
In summary, lesions in the corticomedial nucleus of the amygdala seem to affect learning processes in agonistic situations. The fact that a learning process must be included in the test situation together with the fact that the effect can be obtained with discrete corticomedial amygdaloid lesions might explain the contradictory literature on the amygdala and aggressive behaviour in the rat mentioned in the general introduction.
